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Abstract. The brooding bivalves, Nutricola tantilla and N. confusa overlap in their geographic distributions,

habitats, and modes and timing of reproduction. Based on previous studies we infer that males of both species release

spermatozoa into the water column; while females retain developing embryos in a brood chamber. Females release

fully formed juveniles and there is no pelagic larval stage. Wehypothesized that the muco-ciliary processes of particle

selection and retention may act on differences in sperm morphology and contribute to reproductive isolation. We
extracted sperm cells from both species and quantified nine linear measurements: the lengths of the acrosome,

nuclear, midpiece and tail regions, and five different width measurements. We found significant differences in the

lengths of the acrosome, midpiece, and tail. Wealso found that N. confusa produces dimorphic sperm and this is the

first report of sperm dimorphism in the Veneroidea. Despite the significant differences in lengths, it is likely that

other prezygotic mechanisms are responsible for reproductive isolation.

INTRODUCTION
Nutricola tantilla and N. confusa are morphologically

similar, small bivalves (<10 mmshell length), that

inhabit the top 2.5 cm of soft substrata in the intertidal

to shallow-subtidal zones of protected bays of western

North America (Coan et al., 2000). The reported

geographic range of Nutricola tantilla is from Prince

William Sound, Alaska to Isla Cedros, Baja California

and N. confusa occurs from Coos Bay, Oregon to

Carmel Bay, California. Where their ranges overlap

they are sympatric and both species are very common
in Bodega Bay, California (Grosholz & Ruiz, 1995). In

earlier studies, the two species have been referred to as

Transennella and there is some disagreement over the

taxonomy (Lindberg, 1990).

Females of both species are generally larger than

males (Hansen, 1953; Asson-Bartres, 1988; Russell and

Huelsenbeck, 1989). Hansen (1953) performed histo-

logical examinations of 371 specimens and found "5

were in a state of reversal from male to female"

(p. 319). Some studies have cited this work as evidence

forprotandry(Kabat, 1985, 1986; Asson-Bartres, 1988)

whereas Mottet (1988) attributes the size disparity to

differential growth rates.

Both species lack pelagic larval stages and females

brood their developing embryos and early juvenile

stages in a pouch located between the inner demibranch

and visceral mass (see figures 2 and 3 in Kabat, 1985

for detailed SEMs). Broods can be found throughout

the year but there is seasonal variation in reproduction
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with higher levels during the summer and fall (Asson-

Batres, 1988; Russell & Huelsenbeck, 1989). During

peak periods of reproduction brood number can be as

high as 300 and is a function of female size (Kabat,

1985; Russell & Huelsenbeck, 1989).

Sperm storage has not been reported in Nutricola

(Mottet, 1988), we have not observed it, and therefore

conclude that these species outcross. We infer that

males release sperm into the water column because

individuals produce only eggs or sperm at any one time

and females retain their eggs for brooding. Sperm
probably enter the mantle cavity of a female through

the siphons. This fertilization mechanism, called

"spermcast mating" (Bishop & Pemberton, 2006), has

been proposed for other outcrossing brooding bivalves

(Oldfield, 1964; Sellmer, 1967) and shown to be the

method of sperm transfer for the brooding bivalve,

Mysella tumida (O'Foighil, 1985b). Once inside the

mantle cavity, the mechanics of directing sperm

dorsally to the ovaries and unfertilized eggs is unknown
but could involve chemotaxis and/or selective muco-
ciliary activity of the gills.

Nutricola tantilla and N. confusa are sympatric,

reproduce at the same time of year, and presumably

females are exposed to sperm released from males of

both species. One question that arises from these

circumstances is how is reproductive isolation main-

tained? The purpose of our study was to quantify the

gross morphology of spermatozoa from N. tantilla and
N. confusa to determine whether differences in size/

shape could contribute to the maintenance of repro-

ductive isolation. This study represents the first attempt
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Figure 1 . Schematic diagram of spermatozoa found in Nutricola illustrating the nine linear dimensions measured. Lengths: 1
=

acrosome, 2 = nuclear region, 3 = midpiece, 4 = tail. Widths: 5 = acrosome midpoint. 6 = acrosome juncture with nuclear region,

7 = nuclear region midpoint, 8 = nuclear region juncture with midpiece, 9 = midpiece.

to quantify Nutricola spermatozoa morphology using

electron microscopy.

METHODSand MATERIALS

Samples of both species of clams were collected from

Bodega Bay California on March 26, 2007, shipped

overnight to Villanova University, separately main-

tained in a sea table ( 10°C and 32%o), and fed a mixture

of phytoplankton cultures of Tetraselmis sp., Thalas-

siosira sp., Isochrysis galbana, and Chaetocerous

muelleri until processed.

Attempts to induce spawning with thermal shocking

methods (Castagna & Kraeuter, 1981; Deming &
Russell, 1999) were unsuccessful so we resorted to

extracting sperm via gonad squashes. Individuals of

each species were dissected in separate containers of sea

water. The gonads were removed, gently macerated,

and released sperm in the sea water. Samples of the

seawater were examined with a compound microscope

for the presence/activity of spermatozoa. When active

spermatozoa were identified, additional seawater sam-

ples with sperm were pipetted on to ploy-L-lysine

coated cover slips. The sperm were fixed at 4°C in 2.5%
glutaraldehyde in 0.1 Mcacodylate buffer, adjusted to

pH 7.4 and 900 mOsmwith 0.4 M NaCl and 2 mM
CaCl 2 - After a rinse in the same buffer, samples were

postfixed in 1% osmium tetroxide, in the same buffer,

and rinsed again. Samples were dehydrated in an

ascending series of ethanol dilutions (25%, 50%, 75%,

95%, and 100%) and critical point dried using C02 as

transitional fluid. Cover slips were sputter coated with

gold/palladium and observed in a Hitachi S-570 SEM
at 5 kV.

Digital images of intact spermatozoa were captured

and then measured using ImageJ software version

1.37 V (Abramoff et al., 2004). Nine separate linear

measurements were recorded on each intact spermato-

zoan (Figure 1): lengths of the acrosome, nuclear

region, midpiece and tail; and widths of each of the

three head regions (acrosome, nuclear, and midpiece)

as well as the widths of the boundaries between

adjacent head regions.

All data were tested for normality using a Shapiro-

Wilk Wtest and the nine linear dimensions between

species were compared using a t-test when both data

sets were normally distributed, or a Wilcoxon Rank
Sum test when either (or both) data sets were not

normally distributed. A Principle Component Analysis

(PCA) was used to combine all morphometric data to

visualize the degree of separation between the two

species based on spermatozoa morphology. Finally, a

discriminant analysis was performed to assess how
many of the samples would be correctly assigned to

each species based on the nine linear measurements. All
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Figure 2. Examples of spermatozoa found in Nutricola. The scale bars = 10 urn. A. Nutricola tantilla. B. Nutricola confusa. C.

This type of sperm representing a distinct morphology (rounded-head) was found only in N. confusa.

analyses were performed using JMP (Version 4.04, SAS
Institute Inc.).

RESULTS

Active sperm were found in all samples of male clams; 3

males were found for N. tantilla and 2 males for N.

confusa. Electron microscopy preparations were pro-

cessed for each male and intact spermatozoa were

identified and measured for both N. tantilla (n = 13)

and TV. confusa (n = 18). Both species exhibited

markedly elongated heads and examples of these cells

illustrating the three distinct regions of the head are

shown in Figure 2. Furthermore, a morphologically

different sperm with a round head was found only in

samples from N. confusa (Figure 2C).

Significant differences in the lengths between the

species were found in the acrosome (Z = 2.62, P =

.0087), tail (Z = 3.70, P = .0002), and midpiece (t =

4.39, P = .0001) regions. In all three cases the

spermatozoa of 7V. tantilla were significantly longer

than N. confusa (Figure 3). No significant difference

was found in any of the width measurements or the

length of the nuclear region. The range-frame box and

whiskers plots show that although the spermatozoa

from N. tantilla are longer, there is considerable

overlap with N. confusa (Figure 3).

The results of a PCAare displayed in Figure 4 and a



Page 266 The Veliger, Vol. 50, No. 4

60 ,- -, 3.5
- * -

50 -
E$3 T -^_ 3.0

"E 40 :
^T - 2.5

3. - - 2.0
£ 30 - *

•k r^-i
~ 1.5

cd 20 T L-r-J -

_l
r -=-i 1.0

10
7 '
—

-

J

i i l_

i

i

0.5

u.u

Acrosome Tail Nuclear Midpiece

N. confusa

1.8 —

1.6 - N. tantilla

1.4 -
-r

1 1-2
-

= 1-0
-

T T T T

j 0.8 - i

~T
^ t : I T i 1

0.6
7 ir T

!

U^
_L

E

1

J_

0.4
i 1 \-

_L

-L
' _j_

'

0.2
I i i 1 1

Acrosome Acrosome/ Nuclear Nuclear/ Midpiece

(midpo int) Nuclear
(midpoint) Midpiece (midpoint)

Qi jn :tion)
(junction)

Figure 3. Box and whiskers plots of the nine linear measurements of N. tantilla (shaded) and TV. confusa (open) spermatozoa. The
horizontal lines within each box are the medians, the edges of the boxes are the 25" 1 and 75 lh percentiles and the whiskers are the 5

,h

and 95 th
percentiles. Significant differences (*) were found in the acrosome, tail, and midpiece lengths.

discriminant analysis correctly identified 87% (27 out

of 31) of the measured spermatozoa.

DISCUSSION

Both species showed spermatozoa with elongated heads

composed of three distinct regions (Figure 2). The
designations of acrosome, nuclear, and midpiece

(Figure 1) are based on the relative positions of these

regions in the sperm of other taxa (Franzen, 1956) and

comparison with the illustration and description of the

spermatozoa of Transennella (= Nutricola) tantilla in

(Thompson, 1973). The mean lengths of the acrosome,

nuclear, and midpiece regions of TV. tantilla from our

samples are 13.68, 2.47, and 1.27 (um) respectively,

which are comparable to the lengths Thompson (1973)

reported: 15.0, 2.4, and 1.0 (um). Franzen (1983) noted

that the acrosome is a "prominent structure" in bivalve

spermatozoa (as is the case here) and commented on
Thompson's (1973) description of TV. tantilla sperma-

tozoa that "in spite of its unusual proportions [it] seems

to belong to the primitive type."

Spermatozoa with a distinctly different morphology

were found only in TV. confusa (Figure 2C). Wedid not

observe any intermediate stages between the "round

headed" sperm and the mature sperm with the

elongated acrosomes (Figure 2B). This observation

strongly suggests the presence of sperm dimorphism

in TV. confusa. Sperm dimorphism is relatively uncom-
mon in bivalves having been reported in only a few

species (Ockelmann, 1965; Jespersen et al., 2001;

Jespersen & Liitzen, 2001; Liitzen et al., 2001; Jespersen

et al., 2002; Jespersen et al., 2004; Liitzen et al., 2004).

Wefound this second type of sperm in all of the SEM
preparations of TV. confusa and in none of the

preparations from TV. tantilla. This finding is the first

reported case of sperm dimorphism in the Veneroidea.

Other reports of sperm dimorphism occur in the

Galeommatoidea where one species in one genus can

exhibit sperm dimorphism, e.g., Kurtiella bidentata (as



J. Geraghty et al., 2007 Page 267

3 r

2 -

1 -

CM

2 °~

-1

-2
\

9 ©

o
# °

-2 2

PC1

Figure 4. Results of Principle Component (PC) analysis using the nine measures illustrated in Figure 1. Nutricola tantilla (shaded.

n = 13) and N. confusa (open; n = 18).

Mysella), and another closely related species does not,

e.g., M. tumida (Ockelmann & Muus, 1978; O'Foighil,

1985a). It appears that this is the situation with the

congeners TV. tantilla and TV. confusa.

The acrosome, midpiece and tail of the Nutricola

tantilla sperm are significantly longer than those of TV.

confusa but no differences were found in the length of

the nuclear region or any of the five width measure-

ments (Figure 3). There is a significant difference in the

overall mean lengths of spermatozoa -- TV. tantilla

65.26 urn ± 4.64 and TV. confusa 56.93 urn ± 5.73 (±

SD, Z = 3.78, P = .0002). Although there are

significant morphological differences between the

sperm in these species there is also considerable overlap

in the variables measured. This point is illustrated by

the PCA plot (Figure 4) which shows a limited degree

of separation between the two species.

There are at least three hypotheses for the functional

significance of elongated sperm heads in bivalves.

Recently, Jespersen & Liitzen (2007) proposed that

this morphology allows sperm cells to better circum-

vent retention by the gills thus facilitating fertilization.

Franzen (1983) found that elongated sperm heads are

correlated with larger eggs and may aid in sperm

penetration. Finally, Jespersen et al. (2001) proposed

that the elongated sperm heads of the euspermatozoa

of Pseudopythina macrophthalmensis may promote

storage of sperm in seminal receptacles. Neither TV.

tantilla nor TV. confusa have seminal receptacles and do

not store sperm so the later hypothesis does not apply

to these species. However, the unusually long sperm

heads of TV. tantilla and TV. confusa could function in

either gill circumvention or penetration of the large

lecithotrophic eggs.

The study of the muco-ciliary processes of particle

selection and retention in bivalves has a long and rich

history (see Ward & Shumway, 2004 for review). The
focus of these studies has been on feeding biomechanics

and the ecological role bivalves play in benthic-pelagic

coupling processes. During preingestive processing,

'"there are opportunities for particle selection based

upon quantitative and qualitative aspects of the

particles" (Ward & Shumway, 2004:85). Spermatozoa

cells of spermcast-mating, brooding bivalves like

Nutricola, are within the size-range of particles selected

via the muco-ciliary processes (Mohlenberg & Riisgard,

1978) and are likely subject to these processes. The
differences in sperm morphology demonstrated here

while significant, are probably insufficient by them-

selves to account for species-specific spermatozoa

recognition. These species produce hundreds of eggs

compared to the hundreds of thousands produced by

broadcast spawning taxa and cannot afford postzygotic

isolation. Therefore it is likely that factors other than

spermatozoa morphology play a role in maintaining

reproductive isolation via prezygotic mechanisms.



Page 268 The Veliger, Vol. 50, No. 4

Acknowledgements. Wethank Ted Grosholz of UCDavis for

kindly supplying samples from Bodega Bay and sharing his

extensive knowledge of Nutricola biology. He also provided

excellent advice on bivalve husbandry. We appreciate the

careful and detailed constructive criticism provided by two

anonymous reviewers. We are grateful for the laboratory

assistance of S. Shrom, L. Bloch, C. Hynes, L. Elliot, C.

Kitchell, and V. Garcia. The Biology Department at Villanova

supported this work and the data formed the basis of J.

Geraghty's senior thesis. M. P. Russell was supported by the

Ocean Sciences Division Biological Oceanography of NSF.

LITERATURECITED
Abramoff, M. D., P. J. Magelhaes & S. J. Ram. 2004.

Image Processing with ImageJ. Biophotonics Internation-

al 11:36-42.

Asson-Batres, M. A. 1988. Reproduction and growth of the

brooding bivalve Transennella tantilla. The Veliger 30:

257-266.

Bishop, J. D. D. & A. J. Pemberton. 2006. The third way:

spermcast mating in sessile marine invertebrates. Integra-

tive and Comparative Biology 46:398-406.

Castagna, M. & J. N. Kraeuter. 1981. Manual for

Growing the Hard Clam Mercenaria. Special Report in

Applied Science and Ocean Engineering No. 249, Virginia

Institute of Marine Science, Gloucester Point, Virginia.

Coan, E. V., P. Valentich-Scott & F. R. Bernard. 2000.

Bivalve Seashells of Western North America: Marine

Bivalve Mollusks from Arctic Alaska to Baja California.

Santa Barbara Museumof Natural History: Santa Barbara.

DeMing. C. J. & M. P. Russell. 1999. Assessing manipu-

lations of larval density and culling in hatchery produc-

tion of the hard clam, Mercenaria mercenaria. Journal of

Shellfish Research 18:99-105.

Franzen, A. 1956. On spermiogenesis, morphology of the

spermatozoon, and biology of fertilization among inver-

tebrates. Zoologiska Bidrag fran Uppsala 31:355-456.

Franzen, A. 1983. Ultrastructure studies of spermatozoa in

three bivalve species with notes on evolution of elongated

sperm nucleus in primitive spermatozoa. Gamete Re-

search 7:199-214.

Grosholz, E. D. & G. M. Ruiz. 1995. Spread and potential

impact of the recently introduced European green crab,

Carcinus maenas, in central California. Marine Biology

122:239-247.

Hansen, B. 1953. Brood protection and sex ratio of

Transennella tantilla (Gould), a Pacific bivalve. Videnska-

belige Meddelelser fra Dansk naturhistorisk Forening

115:313-324.

Jespersen, A. & J. Lutzen. 2001. Ultrastructure of the

seminal receptacle and the dimorphic sperm in the

commensal bivalve Mysella bidentata (Veneroida; Ga-
leommatoidea; Montacutidae). Acta Zoologica 82:107-

115.

Jespersen, A. & J. Lutzen. 2007. Sperm ultrastructure in

Kellia suborbicularis (Bivalvia: Galeommatoidea: Lasaei-

dae). Acta Zoologica (Stockholm) 88:59-63.

Jespersen, A., J. Lutzen & B. Morton. 2002. Ultrastruc-

ture of dimorphic sperm and seminal receptacle in the

hermaphrodites Barrimysia siphonosomae and Pseudo-

pythina ochetostomae (Bivalvia, Galeommatoidea). Zoo-
morphology 121:159-172.

Jespersen, A., J. Lutzen & C. Nielsen. 2004. On three

species and two new genera (Montacutella and Brachio-

tnya) of galeommatiod bivalves from the irregular sea

urchin Brissopsis laiacarinatus with emphasis of their

reproduction. Zoologischer Anzeiger 243:3-19.

Jespersen, A., T. Kosuge & J. Lutzen. 2001. Sperm
dimorphism and spermatozeugmata in the commensal
bivalve Pseudopythina macrophthalmensis (Galeommatoi-
dea, Kelliidae). Zoomorphology 120:177.

KABAT, A. R. 1985. The allometry of brooding in Transennella

tantilla (Gould) (Mollusca: Bivalvia). Journal of Experi-

mental Marine Biology and Ecology 91:271-279.

Kabat, A. R. 1986. Effects of trematode parasitism on
reproductive output of the bivalve Transennella tantilla.

Canadian Journal of Zoology 64:267-270.

Lindberg, D. R. 1990. Transennella Dall versus Nutricola

Bernard (Bivalvia: Veneridae): An argument for evolu-

tionary systematics. Journal of Molluscan Studies 56:129-

132.

Lutzen, J., A. Jespersen, T. Takahashi & T. Kai. 2004.

Morphology, structure of dimorphic sperm, and repro-

duction in the hermaphroditic commensal bivalve Pseu-

dopythina tsurumaru (Galeommatoidea: Kellidae). Jour-

nal of Morphology 262:407^120.

Lutzen, J., H. Sakamoto, A. Taguchi & T. Takahashi.
2001. Reproduction, dwarf males, sperm dimorphism,

and life cycle in the commensal bivalve Peregrinamor

ohshimai Shoji (Heterodonta: Galeommatoidea: Monta-
cutidae). Malacologia 43:313-325.

Mohlenberg, F. & H. U. RiisgArd. 1978. Efficiency of

particle retention in 13 species of suspension feeding

bivalves. Ophelia 17:239-246.

Mottet, M. G. 1988. Biology of the clam Nutricola tantilla

(= Transennella tantilla) with emphasis on mass move-
ments, selective-drift behaviors, and sex. PhD. University

of Washington: Seattle.

O'Foighil, D. 1985a. Fine structure of Lasaea subviridis and

Mysella tumida sperm (Bivalvia, Galeommatacea). Zoo-

morphology 105:125-132.

O'Foighil, D. 1985b. Sperm transfer and storage in the

brooding bivalve Mysella tumida. Biological Bulletin 169:

602-614.

Ockelmann, K. W. 1965. Redescription, distribution,

biology, and dimorphous sperm of Montacuta tenella

Loven (Mollusca, Leptonacea). Ophelia 2:211-221.

Ockelmann, K. W. & K. Muus. 1978. The biology, ecology

and behaviour of the bivalve, Mysella bidentata (Mon-
gagu). Ophelia 17:1-93.

Oldfield, E. 1964. The reproduction and development of

some members of the Erycindae and Montacutidae

(Mollusca, Eulamellibranchiata). Proceedings of the

Malacological Society of London 36:79-120.

Russell, M. P. & J. P. Huelsenbeck. 1989. Seasonal

variation in brood structure of Transennella confusa

(Bivalvia: Veneridae). The Veliger 32:288-295.

Sellmer, G. P. 1967. Functional morphology and ecological

life history of the gem clam, Gemmagemma (Eulamelli-

branchia: Veneridae). Malacologia 5:137-223.

Thompson, T. E. 1973. Euthyneuran and other molluscan

spermatozoa. Malacologia 14:167-206.

Ward, E. J. & S. E. Shumway. 2004. Separating the grain

from the chaff: particle selection in suspension- and

deposit-feeding bivalves. Journal of Experimental Marine

Biology and Ecology 300:83-130.


